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MOLAR QUANTITATION OF IN VIVO PROTON METABOLITES IN HUMAN
BRAIN WITH 3D MAGNETIC RESONANCE SPECTROSCOPIC IMAGING

C.A. Hustep, J.H. Dunn,* G.B. MATSON, A.A. MAUDSLEY, AND M.W. WEINER

Magnetic Resonance Unit, Department of Veterans Affairs Medical Center, and Departments of Medicine,
Radiology and Pharmaceutical Chemistry, University of California, San Francisco, CA 94121, USA

A method for molar guantitation of in vivo proton metabolites in human brain with three-dimensional (3D) pro-
ton magnetic resonance spectroscopic imaging (MRSI) is described. The method relies on comparison of brain
and calibration phaatom measurements, with corrections for coil loading, and spin-lattice and spin-spin relax-
ation times. A 3D proton MRSI pulse sequence was developed which acquires two echoes and enables acquisition
of both the TMS coil loading reference phantom and proton metabolite signals from a single experiment. With
the aqueous fraction (tissue water) taken into account, the calculated molar concentrations from 24 centrum semi-
ovale white matter voxels from 4 control subjects were (mmol/1 + SD): N-acetyl aspartate = 14.6 + 2.8, total cre-
atine+phosphocreatine = 6.0 - 1.2, total choline = 1.9 + 0.4. These values are equivalent to previously reported
results obtained from single volume localized proton magnetic resonance spectroscopy.

Keywords: Magnetic resonance spectroscopic imaging; Proton spectroscopy; Quantitation; Brain.

INTRODUCTION

Quantitative proton (!H) NMR spectroscopy provides
essential information for the understanding of the phys-
iology of neurons, energy metabolism, and lipid me-
tabolism in living systems. The ability to determine
absolute concentrations eliminates the assumptions
made, especially concerning metabolite changes in dis-
ease processes, when metabolite ratios are used. There
have been several reports of proton molar quantitation
from 8-27 cc single volumes of human brain.'!° These
reports utilized either water®>?>® or creatine’ as an in-
ternal standard, or external reference phantoms.!-*-5-8

The goal of these experiments was to determine ab-
solute proton metabolite concentrations from multiple
voxel magnetic resonance spectroscopic imaging
(MRS]) data using an external lactate calibration phan-
tom. This was accomplished by implementing a 3D
MRSI technique!!2 which acquires two echoes and
enables acquisition of both a TMS coil loading refer-
ence phantom and proton in vivo metabolite signals
from a single experiment.'® This procedure enables ac-

quisition and quantitation of multiple small (1.3 ¢c) vol-
umes throughout the majority of the brain from a single
MRSI experiment.

METHODS

Instrumentation and Acquisition

Studies were conducted with a Philips Gyroscan S15
whole body imaging/spectroscopy system operating at
2.0 Tesla. A proton imaging saddle-type head coil was
used for MRI and MRSI. The method used to calcu-
late absolute metabolite concentrations is analogous to
the methods previously used for quantitation of *'P
magnetic resonance spectroscopy (MRS) and MRSI
metabolites,!*!> and relies on the use of two reference
phantoms: 1) a large lactate calibration phantom of
known concentration, and 2) a 3 cc tetramethylsilane
{TMS) coil loading reference phantom to correct for
pulse lengths and coil loading differences between the
subject and the lactate calibration phantom.

Three-dimensional '"H MRSI data was acquired
with PRESS volume preselection!® used in combina-
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tion with double WEFT water suppression, as previ-
ously described.!” The one important modification
made to the previously reported 3D MRSI experi-
ment'’” was acquisition of both first and second ech-
oes of the PRESS sequence (Fig. 1) to measure both
the TMS coil loading reference phantom (acquired with
the first echo) and metabolite signals (acquired with the
second echo) in a single experiment. The TMS coil load-
ing reference phantom was fixed in a position just be-
yond the head of the subject, as indicated in Fig. 2.
As shown in Figs. 1 and 2, the first echo contained sig-
nal from a column which included the TMS coil load-
ing reference phantom, and the second echo contained
metabolite signals from the volume of interest (VOI).
This particular experimental setup has the advantage
that the TMS and metabolite signals of the subject and
lactate calibration phantom are affected by signal losses
during the first two slice selections in a similar man-
ner. Careful adjustment of the pulse angle was made
to ensure that the pulse angle at the reference vial was
the same in both phantom and subject experiments.
The TMS sample was spatially localized away from the
brain signals by the MRSI experiment, so the total TMS
signal could be obtained without contamination by in-
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tegrating over all voxels containing significant TMS sig-
nal. For the lactate calibration phantom and brain
studies, the voxels were selected away from edges so
that any “bleeding” which occurred from adjacent vOX-
els was presurmnably from homogencous tissue and had
a metabolite concentration which was of the same con-
centration as the selected voxel.

Three-dimensional MRSI spectral data and coil
loading reference data (the TMS signal) were acquired
from a single experiment for separate studies of the
lactate calibration phantom and the human subjects.
Spectral data from the lactate calibration phantom was
selected from the same region in the coil as the human
spectral data to compensate for the effects of coil in-
homogeneities. Use of the TMS coil loading reference
phantom as a concentration reference would not pro-
vide compensation for the inhomogeneities in the
saddle-type coil used.

Four normal adult human subjects (3 females, 1
male) were studied, and two studies on a lactate cali-
bration phantom (20 mM lactate in 3% gelatin matrix)
were performed. Transverse and sagittal MR images
were taken for each study. The transverse images were
acquired with an angulation corresponding roughly to

WEFT WATER SUPPRESSION PRESS VOLUME SELECTION
— TE2 -}
e TE1 s '
; e 1 — 180 180 i
‘« 5 e w0 i
'\ | WEFT \ WEFT A i
: RF A A Av= \» Av VA Av i
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Gur
AP SLICE SEL
Gap
H ©C SLICE SEL
Gec J 4@‘ l \

Fig. 1. Acquisition scheme of 3D 'H MRSI experiment with double echo acquisition. The first part of the pulse sequence con-
sists of a double WEFT water suppression sequence. The second part contains the PRESS sequence for selection of the VOI,
together with three phase-encoding gradients. TE1 refers to acquisition of the first echo containing the TMS coil loading refer-
ence phantom signal and TE2 the second echo containing the proton MRSI metabolite signals.
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Fig. 2. Schematic representation of volume selection for first
and second echoes. (A) illustrates (1) the detection of the TMS
coil loading reference phantom with the AP (anterior-
posterior) slice selective gradient, and (2) the sagittal view of
the MRSI VOI selection with both the CC (caudal-cranial)
and AP slice selective gradients. (B) illustrates an axial view
of the selection of the MRSI VOI with both the LR (left-
right) and AP slice selective gradients.

the orbital-auditory meatus plane. Nonlocalized shim-
ming was performed following acquisition of the MRI
data. This was followed by gradient tuning,'® localized
shimming (over an area ~15% larger than the VOI in
all 3 directions), and optimization of water suppression.
The 3D "H MRSI experiments were performed using
16 X 16 x 12 phase-encoding steps over a 140 mm x
140 mm X 136 mm field of view. A spherical k-space
sampling scheme was used which roughly halved the
number of k-space points sampled.'® Other param-
eters were: TEL = 116 ms (TMS signal acquisition);
TE2 = 272 ms (metabolite signal acquisition); TR =
2000 ms; 1 average; measurement time = 44 min. The
effective voxel size, computed from the full width at
half height of the point spread function and corrected

B M AN (]
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for the effects of spherical k-space sampling and spa-
tial filtering, was 1.3 cc.

Data Processing

The MRSI data were processed on a VAX worksta-
tion using 4D Fourier transform reconstruction with
1.0 Hz exponential filtering in the frequency domain
and mild spatial filtering.’® The MRSI data were zero-
filled in both frequency and spatial dimensions before
a 4D Fourier transform was applied. After the final re-
construction, one MRSI plane corresponded to one
MRI plane. Spectroscopic image display software!s
was used to display MR images, MRS images, and spec-
tra (Figs. 3, 4).

Metabolite images were generated by spectral inte-
gration of N-acetyl aspartate (NAA), total choline
(Cho) and total creatine+phosphocreatine (Cr+PCr)
during reconstruction. The spectroscopic image display
software provided registration of the MR images with
the MRS images so that the cursor locations registered
simultaneously on both images. Using the MR image
as a guide, single voxel spectra were chosen from pos-
terior frontal and parietal centrum semiovale white
matter in the human subject and from corresponding
regions in the phantom. Gross contamination of vox-
els by CSF was avoided by choosing voxels for analy-
sis well removed from ventricles and sulci. Magnitude
spectra were used to avoid phase distortions. Spectra
were fit to Gaussian lineshapes and integrated using
commercially available software (Tripos Associates,
Inc., St. Louis, MO). Metabolite concentrations are
given as mean + standard deviation (SD).

Quantitation of Metabolites

Molar concentrations were calculated using an exten-
sion of methods previously employed.'% 4! Identical
volumes were used for human subject and calibration
phantom experiments. Molar concentrations for each
metabolite in the chosen volumes were calculated by:

[metabolite]s = [lactate]p

*AFP**SE*&*_[E *ITMS.P*NH,P
AFs Ss Rs Ip Itmss Nags

(1

where
[metabolite]s = molar concentration of metabolite,
subject
[lactate]p = molar concentration of lactate
phantom = 20 mM
AFp = aqueous fraction, phantom = (.97
AFg = aqueous fraction, subject = 0.72
(for white matter'#)
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Fig. 3. Multiplane 3D IH MRSI NAA images of normal human subject with highpass filter of MRI overlaid in red. Corre-
sponding 7,-weighted (angulated) magnetic resonance images are shown. The MRIs and spectral images are (left to right} in-
ferior to superior through the brain.

Sp, Ss = saturation corrections, calibration
phantom and subject
Rp, Rg = spin echo corrections, calibration
phantom and subject
I = integral of metabolite, subject
I, = integral of lactate calibration, phan-
tom
Itns ps Frvs.s = integrals of TMS coil loading ref-
erence phantom, acquired with lac-
tate calibration phantom {Irus, p)
and human subject (Itums,s)

NAA

choline
Cr+PCr

35 3.0 25 290
ppm

Fig. 4. Single voxel proton MRSI spectrum selected from re-
gion of centrum semiovale. Spectral assignments are as
indicated.

Ny p, Nus = correction for number of protons

per molecule, phantom and subject.

The saturation correction was

sina|l —ex :—T4R4
« p T

§= Q)

(1 — cos o) [exp(j«?)}
i

where
o = tip angle (90° for these experiments)
TR = repetition time
T, = spin-lattice relaxation time.

The spin-echo correction was

R = exp ( _;E ) (3)

where
TE = echo time
T, = spin-spin relaxation time.

Published human brain 7} and T; values obtained at
1.5 T were used for the MRSI metabolites.” Proton T,
relaxation times for NAA, Cr, and Cho obtained at
2.0T from 17 control subjects are comparable to those
reported at 1.5 T (J. Frahm, private communication).
Thus, the T, and T relaxation times reported at 1.5 T’
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Table 1. T; and 7T, values used in calculations
of molar concentrations

Metabolite T, (8) T, (ms)
NAA 1.52 3702
Cr+PCr 1.6* 2302
Cho 1.22 3408
lactate 0.83° 3150

a7, T, human subject values.”
®T,, T> phantom values obtained experimentally from one phantom
study.

were used in this study. Phantom lactate 7; and 7, val-
ues were determined experimentally from 4 different
inversion recovery times or 4 different TE times. Re-
laxation calculations were fit using commercially avail-
able software (Tripos Associates, Inc., St. Louis, MO).
We believe that the dominant error in the concentra-
tions is due to the curve fitting of the metabolite peaks
in the presence of noise. Thus, the measured standard
deviations should be reasonably accurate. The other
potentially important source of error is in the ¢stimates
of Ty and T>. The calculation of how errors in these re-
laxation times affect concentrations is straightforward,
and the equations are included in the Appendix.

RESULTS AND DISCUSSION

Figure 3 shows multi-plane NAA spectroscopic im-
ages and corresponding magnetic resonance images.
Figure 4 shows a single voxel spectrum extracted from
the centrum semiovale white matter. The three peaks

| i R
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represent, from left to right, total Cho, total Cr+PCr,
and NAA. The signal-to-noise of this spectrum was ap-
proximately 12:1 for NAA.

The MRSI concentration estimates were obtained by
Eq. (1) with the use of the 7 and 7, values given in
Table 1. The calculated mM values, corrected for aque-
ous fraction, from a total of 24 centrum semiovale
white matter spectra from four control subjects were
(mean + SD): NAA = 14.6 = 2.8 mM, Cr+PCr =
6.0+ 1.2 mM, and Cho = 1.9 + 0.4 mM. The aqueous
fraction correction accounts for the white matter wa-
ter concentration, and in this study it was assumed to
be 72% that of pure water.'* Thus, 4Fp/AFg = 1.35,
When omitting this correction, the calculated metab-
olite molar MRSI values are (Table 2): NAA =109+
2.0mM, Cr+PCr=4.5+1.2mM, and Cho =1.4 =
0.4 mM. The above values, in comparison with previ-
ously reported single volume concentrations, are given
in Table 2. To facilitate comparison of concentration
units across laboratories, reported results were con-
verted as necessary to present all values in Table 2 in
mM units corrected for aqueous fraction. The MRSI
concentration values are in the range of values recently
reported by others, providing evidence for the validity
of this quantitation method. The advantage of this
technique is that data from multipie small volumes
throughout the brain are acquired from one experi-
ment. Furthermore, in this experiment the TMS coil
loading reference phantom is spatially localized away
from tissue, eliminating potential spectral contamina-
tion from tissue water or lipid. The smaller volumes of
the MRSI experiment, and thus greater tissue homo-
geneity within the volumes, may account for some of
the differences with previously reported results. Gray-

Table 2. 3D proton MRSI quantitation results of brain white matter in comparison to recently reported single volume
MRS white matter data, expressed in units of mmol/1.!-¢

Reported value No. subjects/No. regions NAA Cr+PCr Cho
3D MRSI

corrected for AF* 4/24 14.6 + 2.8 6.0+ 1.2 1.9 £ 04
3D MRSI

not corrected for AF* 4/24 10.9 + 2.0 45+ 1.2 1.4 £ 0.4
ref. (1)t 26/41 12.2 + 1.0 8.5 +0.8 2.5+03
ref. (2) 5/15 11.6 + 1.3 7.6+ 14 1.7 £ 0.5
ref. (3)1 10/10 17.3 £ 2.3 1.0+ 1.3 2.0+0.5
ref. (4)1 21/21 11.7 + 1.6 7.8+ 1.8 2.1 +0.7
ref. (5)1 10/10 9.2+0.2 6.6 +0.1 1.6 £ 0.0
ref. (6)1,1 18/18 14.3 £ 2.8 11.3+1.5 3.1 0.7

Values are reported as mean + standard deviation, mmol/l units corrected for agqueous fraction (white matter water concentration).
*AF, aqueous fraction. TExternal reference quantitation method in which reported values were not corrected for aqueous fraction, and thus
were corrected here for aqueous fraction by dividing metabolite concentration by 0.72 (white matter water concentration assumed to be 72%
that of pure water). {Literature values reported in mmol/kg wet weight units were converted to mmol/1 using the specific gravity of brain

tissue (o = 1.04 kg/1) as the conversion factor.’
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white matter differences have been noted by magnetic
resonance spectroscopy’ and would presumably be
more pronounced with homogeneous tissue types.

A few limitations of the current MRSI experiment
must be addressed. Although 7; and T; corrections
were made in the molar calculations, the relaxation
times used were those previously reported at 1.5 Tesla
and from large (27-64 cc) volumes. A more thorough
3D MRSI analysis would include 7, and 7, measure-
ments at 2.0 Tesla and from smaller volumes. RF in-
homogeneities in the saddle-type coil may be improved
with a birdcage resonator.'® The assumption of constant
aqueous fraction has potential difficulties. Changes in
tissue water content occur in a wide variety of patho-
logic conditions which produce brain edema including
tumor, ischemia, inflammation, and electrolyte disor-
ders. Furthermore, brain edema may be due to increased
extracellular water (which does not affect intracellular
metabolite concentrations) while in other cases it is due
to increased intracellular water (which does affect in-
tracellular metabolite concentrations). The 3D proton
MRSI quantitation technique described in this techni-
cal note enables acquisition of quantitative data from
multiple volumes in the brain simultaneously, and pro-
vides results that are similar to those obtained using sin-
gle volume magnetic resonance spectroscopy.
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HL07192, the Department of Veterans Affairs Research Service, and
Philips Medical Systems.

APPENDIX

The use of an incorrect relaxation time 7; in the
saturation correction, S, alters the saturation correc-
tion according to:

8S/S = [(TR/Ty) * exp(—TR/Ty) * (cos(a) — D/
[(1 = cos(a) * exp(—TR/T}))
% (1 —exp(—TR/T))] %67, /T,

where 8S is the change in the saturation correction and
8T, = (8T, correct — 67;) used in the calculation of S.

The use of an incorrect relaxation time 7, in the
spin-echo correction, R, alters the spin-echo correction
according to:

8R/R = (TE/T,) * 8T,/ Ty

where &R is the change in the saturation correction and
8T, = (8T, correct — 6T) used in the calculation of R.
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